Gypsum soils are among the most restrictive substrates for plant life, yet the mechanisms of plant adaptation to gypsum are still poorly understood. Arbuscular mycorrhizal fungi (AMF) can improve host plant nutrition and survival in stressful environments but little is known about the ubiquity and function of AMF in plants that grow in gypsum soils, both specialists and generalists. Previous studies indicate that most gypsophiles (specialists) show much higher concentration of nutrients than gypsovags (generalists), hence our hypothesis was that this would be related to increased mycorrhizal colonisation in gypsum specialists. We therefore quantified colonisation of the roots by mycorrhizal arbuscules (AC), vesicles (VC) and hyphae (HC) in six species of gypsophiles and six species of gypsovags growing in gypsum outcrops. Both groups of plants showed significant differences in AC, VC and HC but in contrast to our hypothesis, colonisation was greater in gypsovags than in gypsophiles. The extent of AMF colonisation does not seem to explain the distinctively high nutrient concentrations reported for gypsophiles. Our results indicate that increased AM colonisation could be a mechanism allowing non-specialist plants to cope with the restrictive conditions of gypsum.
Introduction
Gypsum soils extend over 100 million ha in the world, and occur preferentially in arid and semiarid climates where low precipitation prevents gypsum from being leached (Parsons, 1976) . Together with the arid conditions, gypsum soils have particularly stressful physical and chemical properties for plant life including the presence of hard soil crusts, high mechanical instability, low soil porosity, extreme nutritional deficits, high concentration of sulphates and moderate salinity (Guerrero Campo et al., 1999) . As a consequence, they are among the most restrictive soils for plant life.
Such extremely adverse conditions contrast with the rich and specialized flora of gypsum soils, comprising one of the most diverse arrays of narrow endemic and rare plants in arid and semiarid regions, many of which are threatened or endangered (Meyer, 1986; Parsons, 1976) . Consequently, gypsum soils constitute a global conservation biodiversity priority (Meyer, 1986) . In spite of their huge ecological and geographical relevance, gypsum environments have received comparatively less attention than other restrictive substrates such as serpentines or saline soils.
Plants from gypsum habitats are classified as gypsophiles, when they are exclusive to gypsum soils, and gypsovags, which are found both in gypsum and other soil types (Duvigneaud, 1968; Meyer, 1986) . Although efforts have been made in the last two decades to unravel the mechanisms behind plant performance in gypsum soils, factors controlling the distribution and occurrence of gypsophiles and gypsovags are still not fully understood (Duvigneaud, 1968; Meyer, 1986; Romao and Escudero, 2005) .
Putative adaptative mechanisms of gypsophiles include the ability of seedlings to surpass the hard physical soil crust (Meyer, 1986; Romao and Escudero, 2005) and the ability of plants to accumulate certain elements such as sulphates, ashes and mineral nutrients such as N, P, Ca and Mg (Duvigneaud, 1968; Palacio et al., 2007, Table 1 ). Also, in some cases, gypsophiles show strikingly high tissue concentrations of aminoacids and proteins (Alvarado et al., 2000) . The high nutrient concentrations of most gypsophiles are intriguing, not only for their magnitude (see Lepidium subulatum in Table 1 ), but also because gypsum soils are distinctively nutrient poor (Guerrero Campo et al., 1999) . The physiological and ecological mechanisms behind the chemical composition of gypsophiles remain unexplored.
The majority of plant species form arbuscular mycorrhizas that improve the ability of plants to uptake nutrients and cope with water stress (Smith et al., 2010) , and have been suggested as important factors for plant edaphic adaptation (Schechter and Bruns, 2008) . In this sense, it is well known that most plant species from restrictive soils such as serpentine or saline soils form symbiotic associations with arbuscular mycorrhizal fungi (AMF; Hildebrandt et al., 2001; Schechter and Bruns, 2008 and references therein) . Differences in the ability of gypsophiles and gypsovags to form symbioses with AMF may explain the observed nutritional differences between both groups of gypsum species. Spores of AMF (mainly related to Glomus sp.) are naturally present in gypsum soils (Alguacil et al., 2009b) , and plants growing on gypsum soils inoculated with AMF showed enhanced nutrient uptake (Rao and Tak, 2001 ). More specifically, the AMF community composition of the roots of some gypsophile species has recently been described, showing that plants from well developed gypsum communities are colonised by fungal types potentially specific to gypsum soils (Alguacil et al., 2009b (Alguacil et al., , 2009a . Despite these previous findings, little is known about AMF symbiosis in the roots of plants with different specificity to gypsum soils, and the extent to which plant adaptation to gypsum substrates could be mediated by differential AMF colonisation remains unknown.
This study aims to explore the differences in the colonisation by AMF of the roots of gypsophiles and gypsovags. We hypothesized that both groups of plants will show differences in the proportion of root length colonised by AMF, being higher in those species specific to gypsum soils. This is based on the observation that gypsophile species can have symbiosis with fungal types specific to gypsum (Alguacil et al., 2009b (Alguacil et al., , 2009a , and hence presumably more chances for successful root colonisation than gypsovags. Also, we expected the high nutrient concentrations observed in most gypsophiles to be related to increased mycorrhizal infection.
Materials and methods

Study site, species and sampling design
Twelve species were selected for analysis: six gypsovags and six gypsophiles (Table 1) , the latter include only widely distributed gypsum endemisms, common to most gypsum outcrops of the Iberian Peninsula. All study species are shrubs or sub-shrubs, which are prevalent growth forms in gypsum outcrops (Parsons, 1976) Soil samples (5 cm diameter and 10-12 cm deep) were collected with an auger corer from each location to characterize soil properties: pH, conductivity, % gypsum, % carbonates, N, C:N ratio, % organic matter (see Table 2 ). Organic matter content (% OM) was estimated by chromic acid digestion following Heanes (1984) , carbonate content was determined by Bernard calcimetry, total N was analysed with an elementar analyser (VarioMax C/N), and the percentage of gypsum in soil was estimated by measuring total S with an elemental analyser (LECO).
Mycorrhizal colonisation
The percentage of root length colonised by AMF was estimated by visual observation of diagnostic structures after clearing washed roots in 10% KOH at 90ºC for 10 min (longer for some species with very dark roots) followed by acidification in 2% HCl for 15-20 minutes and staining with boiling 0.05% trypan blue in lactoglycerol (v/v/v) as in Phillips and Hayman (1970) . The proportion of root length containing arbuscules, vesicles and hyphae (i.e arbuscular (AC), vesicular (VC) and hyphal colonisation (HC)) was calculated under a microscope (Olympus, BH2) following the magnified intersections method (McGonigle et al., 1990 ). The number of intercepts observed per root averaged 188 and ranged between 94 and 711.
Statistical analyses
Differences between gypsophiles and gypsovags in the extent of mycorrhizal infection (i.e. AC, VC and HC) were analysed by a generalised linear model (hereafter GLM) with "gypsum type" (i.e gypsophile / gypsovag) as a fixed factor and "species" as a nested factor within "gypsum type". The gypsum content of soils was included as a covariate in the analyses to account for the geologic inherent variability. Percentage data were angularly transformed to meet a Gaussian response and hence be treated with an identity log link. The relationship between AMF infection and nutrient status of study plants was assessed by
Pearson correlation analyses between AC, VC and HC and the N and P concentrations reported for study plants (Table 1) . Statistical analyses were performed in SPSS 17.0.
Results and Discussion
Mycorrhizal colonisation could be estimated in the roots of all study species except the gypsovag Thymelaea tinctoria, which were too dark to be properly stained. Longer digestion times with KOH or HCl proved ineffective and additional bleaching resulted in the destruction of AMF structures. Consequently, although presence of fungi was detected in the roots of this species, AC, VC and HC could not be measured and it was not included in the analyses.
Roots of gypsophiles and gypsovags showed significant differences in the proportion of their roots containing arbuscules, vesicules and hyphae (Fig. 1) .
However, contrary to our hypothesis, the extent of AMF infection was higher in gypsovags than in gypsophiles (P < 0.001). Gypsovags showed on average 13%, 10% and 68% of their root length colonised by arbuscules, vesicles and hyphae, respectively, while AC, VC and HC in gypsophiles accounted for only 4%, 3%
and 41% of root length. When differences were evaluated at the species level general trends for both groups were maintained, but important species-specific differences arose (Fig. 1 ). For example, the gypsovag Artemisia herba-alba showed higher root mycorrhizal infection (AC = 40%, VC = 14% and HC = 97%)
than other gypsovags such as Salsola vermiculata (AC = 0.3%, VC = 3% and HC = 26%) ( Fig. 1) , which showed even lower AMF colonisation than some gypsophiles such as Ononis tridentata (AC = 8%, VC = 3% and HC = 64%).
Differences in the root mycorrhizal infection of gypsophiles and gypsovags stood when Artemisia herba-alba was not included in the analyses (P = 0.021 for AC, P < 0.001 for VC and P = 0.007 for HC, data not shown). The absence of arbuscules in the roots of the gypsophile Reseda stricta indicates that this species may not form mycorrhizas. The few hyphae and vesicles observed could be produced by non-mycorrhizal fungi colonising the roots of this and the rest of study species (McGonigle et al., 1990) . Similarly to other species of Cistaceae, both
Helianthemum species showed ectomycorrhizas (ECM) in their root tips.
Our results indicate that gypsovags tend to be more heavily colonised with AMF than gypsophiles, although differences between species are remarkable. Correlations between AC, VC and HC and the N and P concentrations reported for study species (Table 1) , 1997) . Under these circumstances, rapid root proliferation in response to ephemeral nutrient pulses has been described as an important mechanism for plant nutrient exploitation (Jackson and Caldwell, 1989) . Temporal and spatial differences in the ability to exploit nutrient availability between gypsophiles and gypsovags may also partly account for the observed differences in plant nutrition.
Accordingly, an analysis of the seasonal N dynamics of the gypsophile Lepidium subulatum and the gypsovag Linum suffruticosum in this same study area, suggested that the gypsophile may have a higher ability to uptake N in autumn than the gypsovag (Palacio and Montserrat-Martí, unpublished results).
In conclusion, our results indicate that specialist and non-specialist gypsum plants differ in their ability to form symbioses with AMF, with colonisation being greater in most species of the gypsovags analysed. Increased colonisation by AMF could be a mechanism of non-specialist stress-tolerant plants that have not exclusively adapted to gypsum to cope with the restrictive conditions of these soils. Given the central role of AMF in mediating resource exchange between plants and soils, our results indicate the need to undertake further studies investigating the functional importance of the observed differences in colonisation. 
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